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a b s t r a c t
The aim of this work is it to develop a measuring method which allows to detect and quantify the in
ﬂuence of the ﬂuid dynamics on polymerization kinetics. Such a dependency has been claimed previ
ously. However, yet there is no analytical method available which gives insight into the phenomena
observed on a molecular level. Rheo NMR is a technique, which is particularly suitable to analyze such
phenomena. Hence, a temperature controlled Rheo NMR measuring cell was constructed. The validation
of the concept is demonstrated on a model system, the free radical polymerization of methyl
methacrylate.
1. Introduction
Polymerization poses special challenges to reaction engineering,
not at least because of the dependence between the polymer
properties and the process conditions. Both industry and research
aim for a comprehensive control and optimization of polymeriza
tion processes. Important quality parameters are, for example
consistent product properties and tailor made polymers. This im
plies the importance of simulation and prediction of polymer
processes, especially for the prediction of end use properties.
Knowledge is required about the process parameters inﬂuencing
the polymerization and its kinetics. One of these inﬂuencing pa
rameters is ﬂuid dynamics. 1980 Kumar et al. [1] reported on an
apparatus, which combines a dilatometer and a rheometer. An in
crease of the reaction rate of the free radical polymerization (FRP)
of methyl methacrylate (MMA) was observed inside such an
apparatus and was attributed to an increase of the radical efﬁciency
caused by shearing the reactionmixture during the polymerization.
Other studies show that the use of a spinning disc reactor also af
fects polymerizations due to the shear of the reaction mixture
[2e5]. The term “hydrodynamic activation” was established 2011
by Liu et al. [6] and describes the promoting inﬂuence of process
parameters on polymer product properties. A batch polymerization
was carried out in a Taylor Couette reactor (TCR). It was found that
if the FRP of MMA takes place in the gap between two concentric
cylinders and the inner one rotates, the molecular weight distri
bution as well as the monomer conversion will depend on the
angular velocity of the inner cylinder. The inﬂuence of hydrody
namics on kinetics was attributed to a change of the propagation
respectively termination of the polymers. In summary, different
approaches have been explored to investigate the inﬂuence of ﬂuid
dynamics on polymerization kinetics but there is still no detailed
explanation. Without a detailed knowledge about the inﬂuence of
ﬂuid dynamics on polymerizations it will neither be possible to
model nor to make good use of it. To elucidate the phenomena
observed a measuring method is required, which allows reaction
monitoring under conditions of well deﬁned ﬂuid ﬂow and defor
mation. A realisation could be Rheo NMR [7]. On the one hand,
nuclear magnetic resonance (NMR) spectroscopy offers the possi
bility to gain information about a ﬂuid on a molecular level, for
example about its chemical composition. On the other hand the
Rheo NMR measurement enables the determination of ﬂuid ﬂow
by magnetic resonance imaging (MRI). For example Seymour et al.
[8] showed that the Taylor vortex ﬂow in a Couette cell can be
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measured by PGSE NMR data. For these reasons a temperature
controlled Rheo NMR measuring cell was constructed which al
lows in situ monitoring of polymerization reactions at typical re
action parameters. Apart from the chemical composition and the
ﬂow ﬁeld, the method proposed reveals hints on whether the ﬂuid
dynamics changes the polymer conformation and if this affects the
reaction kinetics. To demonstrate this methodology FRP of MMA
was used as an example system.
2. Theory
2.1. Free radical polymerization
The model system chosen is the free radical solution polymer
ization of MMA. Basically, FRP can be divided into three main
mechanisms: initiation, propagation and termination. The ﬁrst step
describes the decomposition of an initiator molecule into two
radicals by the supply of energy. Those radicals react with mono
mers and build radicalizedmonomers. In the second step, polymers
form and propagate in molecular weight due to addition of further
monomers. The end of propagation is the termination step. One
possibility for a growing polymer chain to terminate is the reaction
with another radicalized polymer chain by combination. As a result,
one long non radicalized polymer chain is formed. In this work
chain transfer reactions, which means the transfer of a radical of a
growing chain to another molecule (solvent, monomer), is not
considered. The monomer conversion XM ðtÞ describes the molar
fraction of reactants (index M for monomer) at reaction time t,
which has reacted to the product. In a batch polymerization, the
theoretical course of monomer conversion is
XMðtÞ≡
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where nM;0½mol is the initial amount of monomer and nMðtÞ½mol is
the amount of monomer at the time t ½s. kd ½s1  is the decompo
sition rate constant and cI;0 ½mol$l1 is the initial initiator con
centration [9]. The overall reaction rate constant
k1 ½l0:5$s1$mol0:5 summarises all individual rate constants, i.e.
kd ½s1  (decomposition), kp½l$s1$mol1 (propagation) and
kt ½l$s1$mol1 (termination), and the initiator efﬁciency f as well:
k1
kp
kt
p $ 2$f $kdq (2)
f describes the fraction of initiatormolecules, which effectively start
the growth of a polymer chain. A detailed description of the free
radical polymerization kinetics can be obtained from Ref. [9].
2.2. Fluid dynamics between two concentric cylinders
A basic prerequisite for a quantitative insight into the inﬂuence
of ﬂuid dynamics on polymerization kinetics is that the experi
ments have to take place under variable, but well deﬁned ﬂow
conditions. Two concentric cylinders, i.e. a Couette cell, are used
because the ﬂowproﬁle in the gap between these rotating cylinders
is well characterised [10,11]. Furthermore, this system has a ho
mogeneous energy dissipation along the symmetry axis, i.e. the
rotation axis of the cylinders. The ﬂow stability can be described by
the dimensionless rotational Reynolds number ReF.
ReF
u$Ri$d
n
(3)
Here, u ½s1 is the angular velocity and Ri ½m the radius of the
inner cylinder, d ½m the gap width and n ½m2$s1 the kinematic
viscosity of the ﬂuid. In literature, the Taylor number Ta (Eq. (4)) is
often used instead of the rotational Reynold number to characterise
the ﬂow state.
Ta ReF
d
Ri
s
(4)
Four main ﬂow regimes are known between two cylinders with
a rotating inner and resting outer cylinder (Fig. 1). The laminar ﬂow
is a shear ﬂowwith linear proﬁle. When a critical Reynolds number
is exceeded, the ﬂow changes into the toroidal Taylor vortex ﬂow.
With further increase of the Reynolds number the ﬂow regime
changes into the wavy vortex ﬂow, in which a wavy movement of
each toroidal vortex superimposes the vortex ﬂow. The fourth main
ﬂow regime is the turbulent ﬂow. In this ﬂow state no waves are
detectable. Andereck et al. [12] give a detail explanation of the
different ﬂow regimes. The critical rotational Reynolds numbers
ReF;crit describe the turnover points of the different ﬂow regimes
Fig. 1. Main ﬂow regimes between to concentric cylinder if the inner cylinder rotates and the outer cylinder rests in order of appearance with increasing rotational Reynolds
number a) Laminar (rheometric) ﬂow b) Taylor vortex ﬂow c) Wavy vortex ﬂow d) turbulent ﬂow, according to Racina [19].
and depend in general on the radius ratio h (Eq. (5)) and the aspect
ratio G (Eq. (6)).
h
Ri
Ri þ d
(5)
G
L
d
(6)
With L ½m being the length of the gap. In some publications, the
apparent shear rate is used to quantify the process conditions and
the resulting stress on the ﬂuid.
_g
u$Ri
d
(7)
Formally, the use of shear rate is not correct in the unstable ﬂow
regimes of Taylor vortex, Wavy vortex and turbulent ﬂow. Never
theless, also in these cases and not only in the laminar ﬂow regime,
the apparent shear rate is assumed to be a useful ﬂuid dynamic
parameter since it is not a function of the ﬂuid properties.
3. Construction of a temperature controlled Rheo-NMR
measuring cell
In this work we used a 400 MHz spectrometer with a 25 mm
micro imaging probe and the Bruker Rheo NMR system [13]. The
measuring cell (Fig. 2) consists of two concentric cylinders made
out of polyether ether ketone (PEEK). The outer diameter of the
inner cylinder is 17 mm, and the inner diameter of the outer cyl
inder is 19 mm. Thus, the resulting gap width is 1 mm and ac
cording to equation (5) the radius ratio is h 0:895. The length of
the gap is L 59mm, hence the aspect ratio of the construction is
G 59. The critical rotational Reynolds numbers, which describe
the change of the ﬂow regimes, are independent of the cylinder
length and depend only on the radius ratio h for an aspect ratio
G>40 [9]. This relation simpliﬁes the interpretation of the ﬂow
regimes set in the experiments. Furthermore, no distinction was
made between the Taylor vortex ﬂow and the wavy vortex ﬂow,
because Andereck et al. [11] showed that the Reynolds number
region, in which this ﬂow regime exists, is very small. The critical
Reynolds number which describes the turnover between the
laminar ﬂow and the Taylor vortex respectively the wavy vortex
ﬂow is ReF;crit 129 and was determined with the equation given
by Esser and Grossmann [14].
The concentric arrangement of the two cylinders is ensured by
using bearings. The temperature of the reaction system has to be
well controlled and kept at a constant value. To this end, hot ni
trogen passes a gas distributer, which spreads and distributes the
gas stream into small axial channels in the wall of the outer cyl
inder. The small gap width of 1 mm inhibits a direct, in situ mea
surement of the temperature inside the measuring cell, because a
thermocouple in the gap would disturb the ﬂuid ﬂow. Instead, the
thermocouple was mounted into one of the channels in the wall of
the outer cylinder. The thermocouple was insulated to the heating
gas stream (to avoid heat conduction). In order to obtain a corre
lation between the temperature w1 measured by the thermocouple
in the wall and the ﬂuid temperature in the gap, a calibration was
carried out. In a static experiment without rotation a second ther
mocouple (temperature w2) was put into the ﬂuid in the gap to
determine the temperature deviation, which is due to the different
measurement positions. Corresponding to the results (Fig. 3), the
setpoint temperature of the thermocouple in the wall was set to
w1 76:8 C for the following experiments to achieve a reaction
temperature of 80 C.
4. Model experiment
The free radical polymerization of methyl methacrylate (MMA)
in a solvent was chosen as model reaction, to test the functionality
of the construction and the experimental concept. The polymeri
zation was carried out in the Rheo NMR measuring cell. 2,2
azoisobutyronitrile (AIBN) and xylene were used as initiator and
solvent, respectively. The experiments were carried out with initial
reaction mixtures consisting of 50 wt. % MMA, 0.5 wt. % AIBN and
p xylene. The structural formula of MMA and polymethyl meth
acrylate (PMMA) show the reaction mechanism (Fig. 4). After stir
ring the reaction mixture at ambient temperature for about 1 min
Fig. 2. Design drawing of the Rheo-NMR measuring cell; left: with outer cylinder, right
without outer cylinder, a) outer cylinder, b) inner cylinder, c) coupling, d) bearing, e)
heating adapter.
Fig. 3. Temperatures measured by the thermocouple in the wall (w1) and the ﬂuid
(water) in the gap (w2) without rotting the inner cylinder. The measuring cell was
preheated and the volume ﬂow of the hot nitrogen was 1200 l/h.
Fig. 4. Structural formula of MMA and PMMA.
to homogenize it, it was ﬁlled into the preheated Rheo NMR cell.
Afterwards, the Rheo NMR cell was installed in the micro imaging
probe, inserted into the spectrometer and started to rotate the in
ternal cylinder at the preset rotational frequency of 144 rpm. This
procedure took about 1 min. The recording of the reaction timewas
started when the mixture was ﬁlled into the cell. The rotational
frequency corresponds to an apparent medium shear rate of
_g 128 s1. The data recording was stopped after a total reaction
time t of about 70 min.
5. Materials and NMR experimental details
MMA (99.0%) was purchased from VWR International GmbH, p
xylene (99.0%) from Carl Roth GmbH, and 2,2 azoisobutyronitrile
(AIBN; 98.0%) from Sigma Aldrich. The polymerization progress
was measured by 1H spectra, acquired in a 1D single pulse NMR
experiment (multi zg pulse sequence; relaxation delay
D1 500ms, number of scans NS 4, pre acquisition delay
DE 6:5 ms), on an AVANCE HDIII 400 WB spectrometer at Bruker,
Germany, equippedwith the Rheo NMR system. Themeasuring cell
was installed into a MicWB40 probe. This probe allowed for gra
dients up to about 1.5 T/m. Data processing was performed within
self written MATLAB® scripts.
6. Results and discussion
The processing of the measurement data is challenging when
aiming for a quantitative description of in situ reaction kinetics. In
this work, the monomer conversion was extracted from the 1H
NMR spectra which were acquired during the reaction taking place
under shear. The spectra were modeled and approximated by non
linear ﬁts, and subsequently, the overall reaction rate constant k1
was calculated after ﬁtting the model parameter of the kinetic
equation, see Eq. (1), to the data.
There are a few special aspects due to the special Rheo NMR cell
and the measuring procedure, which have to be taken into account.
The essential part of the 1H NMR spectrum of the reaction mixture
(Fig. 5) shows two peaks at a chemical shift of d 6.1 ppm (a) and
d 5.5 ppm (b). They represent the 1H atoms of the monomer
MMA, which are part of the methylene group (CH2). The methyl
group of the solvent p xylene causes the peak at d 7.0 (c). The
peaks are very broad, induced by the large diameter and the shape
of measuring cell, which deviates obviously from the ideal sample
geometry in a standard 5 mm sample tube. The reaction mixture,
which generates the signal, is distributed over the small gap with a
big diameter. Thus, the inhomogeneity of the static magnetic ﬁeld is
pronounced and is responsible for the broadening of the peaks.
Nevertheless, the monomer conversion was quantiﬁed by the nu
merical analysis of peaks a) and b), by line ﬁtting. Both peaks and,
consequently, their peak areas decrease with progressing poly
merization because the double bond C]C opens and the 1H atoms
of the methyl group shift to a different chemical shift. Due to the
large line width, the data were modeled by Pseudo Voigt functions,
the parameters of which were determined using a nonlinear least
squares solver. The overall ﬁt and the normalized divergence be
tween the experimental data and the ﬁt give an impression about
the achieved quality (Fig. 5). Furthermore, the ﬁt is in good
agreement with the experimental data, because the normalized
residuals are very small. As the Rheo NMR measurements usually
are executed in an unlocked way, spectral alignment was per
formed separately to correct for the observed ﬁeld drift during
measurement time, i.e. the reaction time. Without the alignment,
the ﬁts of the peaks would change drastically with time since the
complexity of the ﬁt requires tight boundary conditions. Wrong
values for the MMA concentrations and therefore wrong k1 values
would result. The third challenge being evident when comparing
spectra at different reaction times is that the peak shape changes
with progressing polymerization. The change is particularly evident
when considering the p xylene (peak c in Fig. 5). The solvent does
not take part in the reaction. Accordingly, its peak area should stay
constant during the polymerization because it is proportional to the
concentration. The spectra indicate a decrease of the area of peak c
with the reaction time. The reason of this observation is that the
chemical environment alters with the production of polymers. To
eliminate this effect the area ratio a of the sum of peak a and b
(monomer MMA) AMMA is referenced to the area of peak c (solvent,
p xylene) AXylene to quantify the monomer conversion (Eq. (8)).
aðtÞ AMMAðtÞ
AXyleneðtÞ
(8)
The shapes of all peaks are assumed to change the same way.
The data, i.e. area ratio are plotted as a function of reaction time
(Fig. 6). As expected, the area ratio shows a decrease with time
Fig. 5. Essential part of the 1H-NMR spectra of reaction mixture with the initial
composition of 50 wt% MMA, 49.5 wt% p-xylene and 0.5 wt% AIBN at 80 C under shear
(g 128 1=s) in the Rheo-NMR measuring cell after a reaction time of about 20 min.
Fig. 6. The calculated area ratio (Eq. (9)) vs. reaction time;process parameters:w 80C,
g 128 1=s, initial composition 50 wt% MMA, 49.5 wt% p-xylene 0.5 wt% AIBN.
since the monomer concentration declines with the progress of
polymerization. Unfortunately, it is currently not possible to ac
quire reliable data at the very beginning of the polymerization. The
ﬁlling of the pre heated measuring cell outside the spectrometer
causes an immediate start of the reaction, without the chance to
measure. For the calculation of the monomer conversion the value
of the area ratio at the beginning (t 0) is necessary (Eq. (10)),
however. Hence, the area ratio was back extrapolated with an
exponential function to obtain the initial area ratio.
aðt 0Þ 0:53 (9)
In Eq. (10) themonomer conversion is assumed to be identical to
area ratio deﬁnition (Cf. Eq. (1)).
XMðtÞ
aðt 0Þ aðtÞ
aðt 0Þ (10)
The monomer conversion derived from the Rheo NMR experi
ments shows the expected behavior (Fig. 7). To determine the
overall reaction rate constant k1 the parameters of Equation (1)
were ﬁtted to the experimental data (Fig. 7) by using the least
squares method and kd from literature (Table 1). The initial initiator
concentration amounted to CI;0 2:6$102 mol=l and the reaction
rate constant was determined to k1 2:71 $103 l0:5 mol0:5$s1.
To validate this data of the reaction rate constant it was
compared with data of Liu [15]. Liu investigated the same model
system and described the termination rate constant kt as a function
of the shear rate (Eq. (11)).
kt 5:1$104$ _gþ 8:71$107 (11)
A shear rate of _g 128 s1 results in a termination rate constant
of kt 7:51$107 l$s1$mol1. Since there is only an inﬂuence on
termination mechanism, according to Liu, the overall reaction rate
constant can be calculated with kinetic data from other literature
sources (Table 1). The resulting k1 which considers the shear rate
dependency, according to Liu, is signiﬁcant smaller than the k1
determined in this investigationwith the Rheo NMRmeasurement
(Table 2).
Conversely, the value of the k1 calculated without a dependency
of the ﬂuid dynamics (data of Table 1), coincides nearly with the k1
determined by the Rheo NMR measurement. This implied that
there is no dependency of the ﬂuid dynamics on the polymerization
kinetics of MMA polymerization under the given conditions at a
shear rate of _g 128 s1.
7. Conclusion
In this manuscript a temperature controlled Rheo NMR
measuring cell was introduced. The heating is realized by a hot
nitrogen stream, which ﬂows through small axial channels in the
wall of the outer cylinder. To control the temperature a thermo
couplewas implemented and calibrated. As amodel system the free
radical polymerization of MMA in solution was carried out under
shear. An evaluation routine was proposed to determine the overall
reaction rate constant k1. The result was compared to literature
data with and without shearing. This demonstrated that k1
measured with the Rheo NMR cell matches with k1 from literature
without shearing. A dependency of the ﬂuid dynamics on the
polymerization kinetics could not be observed in the investigated
parameter space for this model system. However, other authors
describe the inﬂuence of ﬂuid dynamics, for example for the
polymerization of styrene. In future, other systems shall be inves
tigated with the Rheo NMR measuring cell and checked whether
there is an inﬂuence on polymerization kinetics.
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